A hybrid experimental-numerical methodology is applied to evaluate the unwanted stresses induced by hole-drilling in two 5000 and 7000 series aluminium alloys. The influence of the cutting speed of ultra-high speed drills, powered by turbine systems by compressed air, which are commonly used in the hole-drilling equipments for residual stress measurements, is analyzed. The comparison of the effect of different drilling conditions on the drilled material using a quantitative approach is now possible. The applied methodology can play an important role on the improvement and optimization of the hole-drilling technique for residual stress measurements in particular and the drilling process in general.
Introduction
Residual stresses are often responsible either for the failure of mechanical components or its lifetime improvement when skilfully generated [1] . Therefore, reliable measuring techniques for determining residual stresses on materials' surfaces are of great practical relevance. The incremental hole-drilling technique (IHD) achieved broad acceptance in this field [2] . Despite the difficulties inherent to IHD residual stress evaluation methods, to accurately measure non-uniform residual stress depth profiles requires the drilling procedure to be optimized first. The drilling process itself always generates unwanted residual stresses due to thermo-mechanical effects of the cutting process [3, 4] .
The hole-drilling technique, first proposed by Joseph Mathar in 1933, basically consists of drilling a small hole in the surface of the test material and measuring the surface strain produced by the local stress relaxation induced by the hole (typically 1 to 5 mm diameter). The first studies on induced drilling stresses, which can affect the final results of the hole-drilling technique, were presented by Michael Flaman at the fourth SESA International Congress on Experimental Mechanics, held in Boston in 1980, who also proposed the use of a compressed air turbine system for ultra-high-speed drilling (up to ~ 400,000 rpm), for a "stress-free" application of the holedrilling technique to the case of metals and their alloys. Nowadays, all commercial equipment for the hole-drilling technique uses Flaman's drilling method [3] . Previously, in 1974, Beaney and Procter [5] had introduced the air abrasion technique for "stress-free" hole-drilling. This "stressfree" state was roughly estimated by Flaman and Herring [6] . Approaches for determining induced drilling stresses were further studied by Weng et al. [7] , who proposed the electric discharge machining (EDM) for obtaining stress-free samples. However, all these approaches are essentially qualitative and can only give a rough estimate of induced drilling stresses. Besides, they can only be applied to the case of metallic materials, where an initial "stress-free" state can be achieved by applying a suitable annealing thermal treatment to relieve residual stress. Fortunately, other indirect experimental methods may be used to remove the effect of initial residual stresses installed, as that found in the pioneering work on the hole-drilling method, performed by Rendler and Vigness [8] in 1966. These authors used an experimental calibration procedure to determine the necessary calibration coefficients for residual stress calculation, which could neglect the effect of the initial residual stresses existing in cold-rolled steel specimens. They noted that the change in strain introduced by drilling a hole into the material while the specimen is under load is a function of both the residual (initial one) and the applied stress. To avoid the initial residual stress these authors performed an experimental calibration imposing a calibration stress at two levels. Using an extrapolation procedure on the stress-strain curve obtained, the initial residual stress could be separated from the applied one [8] . However, these authors assumed that the drilling process had no influence on strain relaxation, beyond the initial residual and applied stress, which may not always be the case. Not only in hard-to-machine metals, but also in non-metallic materials, such as fibre reinforced polymers, the drilling operation can also induce residual strains due to the thermomechanical effects of the cutting process, thus modifying the initial residual stress state [9, 10] .
Results of experiments to measure induced drilling stresses were described by Flaman [3] . In his work, specimens of different metals were subjected to an elaborate stress-relieving procedure, which included annealing thermal treatments and tensile tests. Residual stress measurements were then performed by the centre-hole method with a conventionally used (low-speed) end mill and an ultra-high-speed drill (up to 400,000 rpm). For each specimen, the relieved strains due to the hole drilling were significantly higher for the low-speed end mill than for the ultra-high-speed drill. In the case of 6061 aluminium alloy Flaman [3] determined a magnitude of total average relief strains, as measured by the three gauges of the strain rosette on stress-relieved specimens, of -54 µst for ultra-high-speed drilling and -169 µst for low-speed end milling. These results are substantially greater than those found in mild steel of -6 µst for ultra-high-speed drilling and -40 µst for lowspeed end milling. It means that even ultra-high-speed drilling could induce non neglected drilling stresses in the case of aluminium alloys. Higher values are even found by Flaman in the case of pure copper. Posteriorly, Flaman and Herring [6] , improving the ultra-high speed drilling operation in the aluminium alloy, using an orbital drilling process, consisting into use of 1 mm diameter drill to obtain 2 mm final hole diameter. Even using this improved drilling process they found an induced drilling stress of around 10 MPa.
In this work a hybrid experimental-numerical methodology was applied to determining the induced drilling stresses as a function of the hole depth in two 5000 and 7000 series aluminium alloys. The influence of the cutting speed of the ultra-high speed drill was analysed by changing the pressurised air fed to the air turbine system, which is commonly used in hole-drilling method equipments for residual stress measurements. The main objective was, however, to demonstrate the importance of the use of the proposed methodology for optimization tasks of hole-drilling operations. These machining operations and their parameters can be improved with a view to controlling the final induced residual stress field and, consequently, the final mechanical performance of the drilled material. For example, maintaining all cutting parameters, it is well known that orbital drilling procedures can improve the hole-drilling operation regarding the induced drilling stresses [6] .
Description of the hybrid experimental-numerical methodology
Shortly, the methodology used in this work allows quantifying the residual stress induced by drilling operations. This quantification can be obtained from an experimental calibration procedure, where the specimens are incrementally drilled under a well know tensile calibration stress, followed by a numerical simulation of the whole process. The direct comparison of the experimental and numerical data enables the residual strain to be determined, which is a measure of the quality of the drilling process. The great advantage of the proposed methodology is to be independent of materials to be tested and drilling operation to be performed. To accomplish the first requirement the effect of initial stress existing in the material must be eliminated without using traditional procedures, such as the stress relief by thermal treatment, which can only be applied to metals, without a complete guaranty of its complete removal. The idea was to use a differential calibration stress instead of absolute stress. The method is valid if the material behaves linearly and elastically, since it is based on the superposition principle. This way, the initial residual stress can be disregarded and only the Materials Science Forum Vols. 768-769 129 applied loads need to be controlled. Fig. 1 shows the superposition principle used by the experimental calibration procedure of the proposed methodology. Based on this simple physical principle, the method implies two phases: an experimental phase and a numerical phase. In the experimental phase, the sample is subjected to well known uniaxial tensile stress, following the principle shown in Fig. 1 . Firstly, the stress-strain behaviour of the material is analyzed to verify if it exhibits linear behaviour. The sample is loaded and unloaded from 0 to F 2 and strains are recorded after given load increments. Initial strains for F 1 and F 2 are also recorded. Surface radial strain is measured in at least three directions, e.g., using a standard ASTM straingauge rosette [11] . The hole should be drilled incrementally, always for the lowest applied load (F 1 ). A minimum applied load minimizes the work of recentering the tool to the hole, after drilling to each incremental depth. Secondly, the sample is loaded to the lowest load F 1 and the first depth increment is drilled. The strain relaxation is recorded and the sample is loaded to the greatest load F 2 , where the corresponding strain is also recorded. The sample is then unloaded to F 1 to drill the second depth increment. These steps are repeated until a depth approximately equal to the hole's radius is reached. Thus, a set of curves of strain relaxation versus hole depth, corresponding to the calibration stress imposed (∆σ), can be obtained.
In the subsequent numerical phase, the whole experimental calibration procedure is simulated using the finite element method (FEM). Hole-drilling simulation by FEM can generate ideal indepth strain relaxation curves, corresponding to a given calibration stress, (∆σ), where only the geometrical effect of the hole's presence on the imposed stress state is considered. Simulation of the incremental hole-drilling during the tensile test is carried out assuming linear elastic material behaviour. All experimental and geometrical parameters should be taken into consideration during the numerical simulation, except the thermo-mechanical effects due the cutting procedure. However, the objective is to obtain a comparison between an ideal case, where no residual stresses are induced by the machining procedure, and the real one. The difference observed between the experimental and numerical strain relaxation values, for each incremental depth, is a measure of the residual strains induced by the thermo-mechanical effects imposed by the real machining. For optimization purposes it might be preferable to determine a percentage error, related to the strains induced by the drilling operation.
Materials and procedures
Two aluminium alloys presenting different mechanical properties were selected for this study: a 5083 aluminium alloy, having magnesium as main alloy element and a 7022 aluminium alloy, having zinc as main alloy element. Table 1 shows the main mechanical properties of both alloys. Fig. 2 shows the specimens' geometry used. The width in the measurement region of the specimens was selected according to the standard dimensions of the three element strain-gauge rosette used, a mean size ASTM type A [11] standard rosette.
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International Conference on Residual Stresses 9 (ICRS 9) For the tensile calibration tests, during the experimental phase, a Monsanto tensometer was redesigned and adapted to perform the tensile tests horizontally, providing enough space for specimen assembly and drilling. The original grip system of the machine was changed accordingly, which also allowed the assembly of an accurate load cell. A three-point support for mounting holedrilling equipment during the tensile tests, including an anti-bending system of a brass screw, nut and lock-nut, was also designed. Fig. 3 shows the experimental setup developed for the proposed methodology. The specimens were clamped and loaded under two different levels of stress, leading to a given differential calibration stress (∆σ). For both materials maximum applied loads were selected to avoid the possibility of occurrence of plastic yielding in the specimens. Before drilling, tests tensile tests were carried out to study the stress-strain behaviour of both alloys. For the 5083 alloy, minimum and maximum loads varied between 1000 N and 6000 N, corresponding to ∆σ = 69 MPa. In the case of 7022 alloy the variation was between 1000 N and 10000N, which corresponds to ∆σ = 125 MPa.
A typical ultra-high-speed milling machine, powered by a pressurised air turbine system, usually employed in hole-drilling method applications was used for the drilling process (RS-200 system from Vishay®). Hole-drilling was always performed, for the minimum load applied, in the centre of a standard three elements strain-gauge rosette ASTM type A. A 1.6 mm diameter hard coated milling cutter with six blades in an inverted cone was used. After each ~50 µm depth increment had been drilled, the surface strain relaxation values were recorded. The load was then increased to the maximum load and the surface strain relaxation values were recorded again. This procedure was systematically repeated until the total hole depth reached the value of the hole radius (≈ 0.9 mm).
Experimental strain-depth relaxation curves were obtained, using this procedure, for all ultra-highspeed drilling operations performed, for which the effect of the cutting speed was analysed varying the pressure of the air fed to the turbine system of the hole-drilling equipment. The cutting speed was evaluated using frequency analysis of the sound produced by the turbine through a FFT (Fast Fourier Transform) algorithm. Figure 4 shows the obtained results. Fig. 4 FFT of the turbine's sound at different pressurised air fed 3 bar (above) and 4 bar (below) (left). Rotational frequency of the drills as a function of the air pressure used to power on the turbine of the hole drilling equipment (right).
After the experimental calibration tests, a numerical simulation of the whole drilling process has to be performed. All experimental and geometric parameters are taken into consideration during the numerical simulation. Table 2 summarises the main experimental data used in the numerical simulation, for each hole-drilling test performed. Maximum applied air pressure was 3 bar and 3.5 bar respectively, to the case of 5083 Al alloy and 7022 Al alloy, respectively, due to the difficulties arisen for greater air pressure values. In addition, no cutting torque was attained for air feeding below a pressure of 2 bar. Table 2 . Experimental data used in the finite element simulation
The numerical model has been developed using ANSYS Parametric Design Language (APDL) for ANSYS 11.0 [12] . The model uses quadratic 8-node 3D structural solid elements SOLID185 [12] and has been parameterized to be applied to different hole geometries, minimizing the change in APDL scripting. Finite element mesh was modelled considering ¼ of the model, with two planes of symmetry. During the numerical processing phase, hole drilling is always simulated, incrementally, at the centre of the FEM model, using "birth and death" ANSYS code features [12] , in which the thickness of each depth increment is equal to that used during the experimental tests (~50 µm). Fig. 5 left shows the finite element mesh for a given applied uniaxial stress and the constraints of the model and Fig. 5 right shows a closer view of the model near the hole. In this figure the grids (paths on the model), corresponding to each strain-gauge of the standard ASTM type A rosette used in this study, can be observed. Post-processing automatically performs an integration of the nodal strain values over the surface area corresponding to each strain-gauge grid used.
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Experimental vs. Numerical Results and Discussion
For the case of 5083 aluminium alloy, Fig. 6 shows the strain-depth relaxation curves found when the incremental hole-drilling was performed for air feeding at a pressure of 2 bar and 3, respectively. The comparison between the experimental curves and the numerical ones can also be observed in Fig. 6 , for both drilling operations. No substantial differences can be observed for both cutting speeds and a general good agreement between the numerical and experimental data can be observed. The most important direction corresponds to the direction of the applied calibration stress, i.e., the longitudinal direction of the specimens (direction 1). An apparent better agreement between the experimental and numerical results seems to be seen in this direction for the case of drilling at 2 bar air pressure. An evidence observed during the drilling tests of this alloy was the difficulty to drill this material. This alloy, probably due to its high strain hardening capacity, is hard-to-machine. The tests carried out for the highest pressures were impossible to be finished since the drill lost its fixture during drilling.
The 7022 Al alloy, instead, showed to be much better for machining. Fig. 7 shows the straindepth relaxation curves found for this alloy and for hole-drilling operations performed at a pressure of 2 bar and 3.5 bar, respectively. In this case, an apparently higher discrepancy between the experimental and numerical curves seems to be observed. However, a scale factor should be taken into account, since in this case the strain relaxation due to hole-drilling is related to a greater calibration stress. Nevertheless, considering also the results obtained for the drilling operation at 3 bar, not shown, the agreement between the experimental and numerical results seems to increase when the cutting speed increases. In the case of 5083 Al alloy no substantial differences arise when the cutting-speed is modified.
Considering the differences found between the experimental and numerical curves, strain relaxation due to the drilling effect itself could be estimated. This can be obtained by direct subtraction between the experimental and numerical strain-depth relaxation curves shown in figures above. Applying the integral method, for residual stress evaluation by the incremental hole-drilling method, to the strain relaxation curves obtained, the residual stress induced by each drilling operation, as a function of the hole depth, can be estimated. Fig. 8 shows the induced drilling stress (von Mises stress) determined for each performed hole-drilling operation in both aluminium alloys. It is not surprising that higher values could be found for the first depth increments, near the surface. It is certainly due to the inaccuracy to determine the real depth of the first depth increment, the real effect of the geometry of the bottom of the hole (due to the cutting tool geometry) and the higher sensitivity of the integral method to the measurement errors, especially in the first depth increments. In addition, the results shown in the above figures should carefully be read, since these induced drilling stresses are related to the applied calibration stress, which was substantially different for both materials. The comparison between the results determined in both materials must be carried out considering the relative difference to the applied calibration stress, for which a mean induced von Mises stress was calculated for each case (solid lines in Fig. 8 ). In addition, the comparison must be performed by determining the relative error in both cases. Table 3 summarises the obtained results for comparison purposes.
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Conclusions
A proposed hybrid experimental-numerical methodology was applied to quantify the induced drilling stresses during ultra-high-speed drilling operations in two aluminium alloys. During the tests, varying the pressure of the air fed to the turbine, the cutting speed could be changed. This variable was measured analyzing the sound produced by the turbine through a FFT algorithm. It was observed that 5083 Al alloy is of difficult machinability and no substantial differences were found in the stresses induced by the drilling operation at different speeds. However, in the case of 7022 Al alloy, the machining operation was much easier to perform and the induced drilling stresses decreased when the cutting speed increased.
Enabling a quantitative analysis of the effect of the cutting process during the drilling operations, the proposed methodology seems to be a powerful tool to improve and optimize the drilling process in general and to improve the hole-drilling technique in particular. This work had as major goal to demonstrate the importance of the proposed methodology. No attempt, except the variation of the cutting speed, has been performed for the real optimization of the ultra-high-speed drilling operation in aluminium alloys. Therefore, the use of simple experimental procedures, such as orbital drilling procedures, for example, can improve the results found in this investigation, which are summarised in table 3. The real benefit of such procedures will be investigated in detail in further investigation.
